Abstract -In a motor vehicle, the cowl box is a volume located at the bottom of the windshield. It collects rainwater and drains it to provide clean dry air to the passenger compartment through the ventilation system. When rainwater accumulates in the box, a bathtub vortex forms above the drain pipe. This vortex sucks up air into the pipe and creates an air core that decreases the water drain rate in the pipe. This increases the water level in the box and can cause a water overflow into the ventilation system. The behavior of this bathtub vortex was experimentally studied using a simplified geometry representative of a real cowl box. The inlet water flow rate was controlled and a capacitive probe measured the water level in the box. The flow was studied using Particle Image Velocimetry to measure the velocity field around the vortex. The flow pattern is described using these data. Due to geometry and inlet conditions, the upstream flow forces the vortex counter-clockwise. It also shifts the vortex axis away from the drain axis. In this configuration, the upstream flow is strongly asymmetric and feeds the vortex using less than half the width of the box. Based on these observations, a device was tested in order to reduce the vortex intensity and consequently the water level. Resulting velocity fields showed a better distribution of the upstream flow. The vortex intensity decreased by up to 55% and the water level by up to 53%. While there was still a vortex with an air core, the water level was therefore significantly reduced. These results are particularly interesting for cowl box design: as this device can guarantee a lower water level, the cowl box depth can be reduced and space can be saved.
Introduction
This work focuses on the impact of the bathtub vortex phenomenon on the water flow inside the cowl box of a motor vehicle.
In a motor vehicle, a cowl box is a volume located at the bottom of the windshield (Fig. 1) . It is designed to provide clean fresh air to the Heating, Ventilation and Air Conditioning unit (HVAC). It is also designed to avoid water ingestion into the HVAC unit, which can cause a variety of issues from passenger discomfort to the breakdown of the HVAC unit. To achieve this goal under rain conditions, the cowl box has to collect the rainwater coming from the windshield and drain it outside the car. The ventilation of the passenger cell is managed by the HVAC unit which sucks up air in the cowl box. An airflow is created and fresh air enters the cowl box through the top cowl grid (Fig. 1) chamber: the airflow coming from the top grid is slowed down and the water contained in the airflow is collected by gravity. The volume of water collected at the bottom of the cowl box is drained outside the car by pipes in secured areas to protect electronics or other water-sensitive parts in the engine cell. The pipes are designed to guarantee a drain rate greater than the rainwater inlet flow rate to avoid an increase in the water level in the box. Due to strong design constraints on other elements around the cowl box, it is frequently difficult to use larger drain pipes. As in a draining bathtub, a vortex appears above the drain pipes in the cowl box. The presence of a bathtub vortex can strongly damage the cowl box performance.
Stepanyants and Yeoh [1] defined three different vortex flow regimes. Subcritical vortices correspond to small dents on the free surface (Fig. 2a) , less than the water height. When the vortex tip reaches the drain hole, the flow is in critical regime (Fig. 2b) . The supercritical regime occurs when a strong vortex creates an air core extending through the drain pipe ( Fig. 2c ) (see also Recoquillon [2] ). In the cowl box, the vortex is in supercritical regime (Fig. 3) . Part of the pipe section is occupied by the air core, reducing the effective section used to drain water. This flow characteristic reduces the water drain rate and increases the water level in the box. This can lead, in the worst case, to overflow into the ventilation system.
The bathtub vortex is a common phenomenon in daily life, but it is still not totally understood. Andersen et al. [3, 4] described the specific flow structure inside the vortex. This structure was also observed by Echavez and McCann [5] . These studies, like most of the work on the bathtub vortex, focused on the subcritical and critical regimes. Only a few contributions, such as the ones by Stepanyants and Yeoh [1] or Forbes and Hocking [6] , dealt with the specific case of the supercritical vortex. In the cowl box, this supercritical regime decreases the draining capabilities of the box and therefore needs to be investigated.
A bathtub vortex has a negative effect on the capacity of the cowl box to exit the flow and hence increases the level of the flow inside the geometry. In order to limit the negative effects of the bathtub vortex, it is important to modify the internal geometry of the cowl box. One device that can improve the exhaust capacity of the cowl box is an adapted grid placed upstream of the exhaust. In the present study, two different grids were tested and interesting results were obtained.
Experimental set-up
An actual cowl box has a complex geometry and is awkward to access. To be able to study the bathtub vortex, a simplified cowl box was designed.
Simplified cowl box geometry
For better optical access, the cowl box is represented as a Plexiglas parallelepiped 1.24 m long, 0.24 m wide and 0.24 m high, corresponding to a full scale box (Figs. 4 and 5). A plane corresponding to the windshield is placed on the top side with an angle of 35
• . At the bottom of this plane, a cowl top grid collects water flowing down from the plane and lets it run into the box. On the other side of the box, the drain pipe is located at equidistance of each side wall. It has a length of 0.1 m and its inner diameter is D = 26 mm. The edge between the bottom of the box and the pipe has a rounded shape with a radius of 10 mm.
The cowl box is placed above a buffer tank that stores water and collects the flow coming from the box. A pump takes water from the tank and provides it to the box through a device creating a water layer on the windshield. A flowmeter placed on the pipe between the pump and the windshield measures the water inlet flow rate Q wi . The flowmeter is designed to measure a flow rate from 0.3 to 37.6 l.min To monitor the water level h in the cowl box, a capacitive probe is placed on a side wall. The probe can measure a water level up to 0.1 m with an accuracy of ±2 × 10 −3 m. Both flow rate Q wi and water level h are recorded at a frequency of 10 Hz.
Particle image velocimetry (PIV)
In addition to monitoring the water level and inlet flow rate, Particle Image Velocimetry (PIV) was used to measure the velocity fields in the vortex area. The PIV device contained two Nd-Yag lasers producing two pulses delayed by 900 μs with a wavelength of 532 nm. The camera used here had a resolution of 2048×2048 px. 200 pairs of images were recorded. Water flowing into the cowl box was seeded by nylon particles with a mean diameter of 4 μm. Acquisition and post-processing were conducted with Insight 3G software by TSI.
The configuration used here made it possible to measure the radial and tangential velocity components of the vortex flow. Lasers were placed in front of the cowl box, creating a horizontal laser sheet passing through the water layer above the drain pipe (Fig. 6 ). Images were recorded with a camera placed above the box. Due to the air/water interface in the vortex core, the laser sheet is diffused. Behind the air and the rear part of the vortex, a shadow zone existed and there was not enough light to illuminate particles. In this zone, errors of measurements were important. For this reason, only the front half part of the velocity field was used for the analysis (upper part in the figures).
These measurements were carried out in stationary states. The testing procedure was as follows: -t = 0 s: the box is empty. The pump is started and water starts to flow into the box. The water level increases. The water level and inlet water flow rate are recorded. -t ≈ 200 s: the water level stabilizes.
-t = 400 s: the water level is stable. PIV acquisition is started. Fluctuations in the size and position of the air core were observed during the measurements. The amplitude of these fluctuations was small compared to the size of the air core. For each configuration tested, the 200 instant velocity fields obtained by PIV were averaged. Only the average velocity fields will be analyzed in this paper. The average air core position can vary, depending on the flow configuration. To facilitate comparison between the results of different configurations, the vortex frame was defined as the reference frame: its origin is the vortex axis.
Results
In this paper, all the results presented were measured at Q wi = 16 l.min −1 . The laser sheet was placed at 50% of the average water level H.
Reference flow pattern
The bathtub vortex was previously studied experimentally [7] . The results obtained provided a description of the bathtub vortex, the three velocity component profiles, water height and the dimension of the air core inside the vortex. The flow can be characterized by two dimensionless parameters: Reynolds (Re) and Froude (F r) numbers. In fact, to respect kinematic and dynamic similarity, two dimensionless numbers appear in the governing momentum equations in dimensionless form: one in the viscous term and compares viscous to inertial forces (Reynolds number), another one in the gravity term and compares gravity to inertial forces (Froude number). Models with the same geometry but different sizes and with the same Reynolds and Froude numbers correspond to the same fluid dynamic solution. These two numbers are:
These numbers are based on characteristic velocities and lengths. Both numbers are computed in the box by using the average water level as the characteristic length. In addition, the Reynolds number can be computed in the drain pipe by using its diameter as the characteristic length. The corresponding characteristic velocities are reported in Table 1 . Both velocities are computed by using the water inlet flow rate divided by the corresponding surface. For the box this surface is equal to its length multiplied by the average water level. For the pipe it is based on the diameter. The dimensionless parameters in Table 1 show a laminar flow in fluvial motion in the box. The flow becomes turbulent in the drain pipe. These parameters were used to compare the different configurations studied in this paper.
The flow pattern is plotted in Figure 7 , showing a top view of the flow pattern and the drain hole area with the position of the air core of the bathtub vortex. The reference flow configuration has a pattern imposed by the water inlet condition: water flowing from the plane passes through the cowl top grid and falls into the box. It creates a flow toward the drain hole mostly concentrated along the opposite side wall. This pattern forces the vortex to flow counter-clockwise. In Figure 7b , the upstream flow comes from the top right of the sketch. It creates a shift in the vortex axis toward the bottom left of the drain pipe axis.
Some vortices are subject to strong position fluctuations. This effect, called "vortex meandering" [8] , is a major difficulty for experimental measurements. Here the vortex shows only small amplitude fluctuations compared to the shift of its axis. The average shift is 1 mm on the x axis and 3 mm on the y axis. As the vortex frame is used as a reference, this shift has no effect on the data analysis.
These results show the characteristic pattern of the reference flow. The upstream flow is asymmetric and has a strong influence on the vortex flow since it imposes the position and direction of rotation of the vortex.
Grid controlling the upstream flow
To improve the capacity of the cowl box to evacuate the water and hence not exceed the safety limit, we decided to add a grid upstream of the exhaust hole. The function of the grid is to better homogenize the upstream flow and delay the air core of the bathtub vortex. Two different grids, a coarse and a fine one, were tested (Fig. 8) . The coarse grid with cells of 3×3 mm 2 was in a metal and the fine grid with cells of 0.5 × 0.5 mm 2 was in scourer (sponge) and was 6 mm thick. Both grids have the same length equal to the width of the box and a height of 50 mm. The height of the grid had to be at the least 50 mm. In this case, its upper side was higher than the interface between water and air in all cases and hence did not affect the water.
By using a coarse grid, a 1 mm difference in the water level between upstream and downstream was observed. This difference was 10 mm with the fine grid. Considering the velocity as having a uniform distribution (computed by using the flow rate) and using the Bernoulli equation, the pressure loss obtained was ΔP = 9.8 Pa for the coarse grid and ΔP = 97 Pa for the fine one.
Parametric study of the grid position
To determine the optimal position upstream of the pipe, four different positions of the grid were tested (Fig. 9) . Figure 10 gives the water level obtained for the four cases. The water level decreased with the upstream position up to 120 mm. Beyond this position the level did not change. The most efficient position, therefore, was when the grid was placed 120 mm from the drain pipe. This position of the grid corresponds to the case for which the drain pipe is at the center of the square cavity delimited by the three box walls and the added grid. The reference length to be used for similarity criteria seems to be the width of the cowl box (l = 240 mm in the present case). l is also twice the distance between the drain pipe axis and the wall box behind the hole.
To study the performance of the coarse and fine grids, the grid was positioned upstream of the hole, 120 mm from its axis (Fig. 11) . Figure 12 shows the water level in the case without the grid and in the two cases with each grid. In each case three measurements were made. For each configuration, the water level was computed by averaging the three measurements in the range 200 < t < 880 s. The values obtained were 46.6 mm in the reference case, 34.6 mm with the coarse grid and 21.9 mm with the fine grid. They correspond to a decrease in the water level of 25.7% for the former and 53% for the latter. The use of the grid had a beneficial effect as it decreased the water level in the cowl box.
The results presented here were all obtained for the same inlet water flow rate Q wi = 16 l.min −1 . As flows were in stationary state, the drain rate equaled the inlet water flow rate, leading to the same Reynolds numbers for the 3 cases. Due to the decrease in the water level, the Froude number in the box increased with the grid. However, the results in Table 2 show that the flow remained in fluvial motion for the 3 cases. The use of the grid significantly decreased the water level. In order to characterize the grid effect, it is important to analyze the flow. For the same water level, the flow pattern was analyzed by using PIV. These measurements provide flow visualizations and velocity profiles. In Figure 13 the iso-surface of velocity magnitude and streamlines for the three cases are plotted. In case (a), without the grid, there were as many upstream as downstream streamlines (though in opposite directions). With the coarse grid, the upstream flow tended to become parallel and to flow over the drain hole. On the bottom part of the box with respect to the hole, the reverse flow was blocked by the upstream flow. This distribution led to a concentration of the velocities around the vortex, whereas on the periphery of the vortex, the velocities were weaker.
With a fine grid that induces a greater pressure loss, the upstream flow was more uniform and was distributed across the whole width of the box. The flow was strongly opposed to the reverse flow, thus concentrating the maximum velocities around the air core. To evaluate the intensity of the vortex, the circulation Γ can be computed by integrating the velocity over a closed contour C:
− → V is the velocity vector.
As PIV provides two-dimensional velocity fields, it is possible to compute Γ over a circle of radius r concentric with the vortex:
Circulation was computed for a range of circles with 12 mm ≤ r ≤ 120 mm. The circulation increased with r and tended to a constant value for 60 mm ≤ r ≤ 100 mm. For r > 100 mm, it decreased due to the boundary effect.
The maximum value of the circulation, reached in the range 60 mm ≤ r ≤ 100 mm, is presented in Figure 15 for the three cases. The circulation decreased with the grid and this decrease was greater with the fine grid than with the coarse one.
Conclusions
In this work the cowl box water level and its connection with the bathtub vortex were studied. To optimize the cowl box water exhaust, a control was applied to decrease the air core of the vortex by adding a grid inside the box. Two grids were tested. Experimental measurements show that both grids significantly improved the cowl box water exhaust. The optimal grid position corresponded to 120 mm from the drain pipe axis. With the fine grid this improvement was better than with the coarse grid. In this case, the water level decreased by up 53%. At the same time the intensity of the bathtub vortex and the diameter of the air in its core decreased strongly (by more than 50%). For this control system, a patent application (FR2985689) has been filed. The solution to use grid inside the cowl box is retained by Renault to be probably used in the future cars.
